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Introduction
In RAN1#112 [1], the potential enhancements on dynamic/flexible TDD were discussed and several agreements were made. 
	Agreement
For the study of gNB-to-gNB co-channel interference measurement, it is assumed that both CD-SSB and NCD-SSB can be used for gNB-to-gNB CLI measurement.
Agreement
Study the benefit of knowledge among gNBs of configurations such as
· SBFD time/frequency configuration
Agreement
For spatial domain enhancement of gNB-to-gNB co-channel CLI handling, DL Tx beam information of the gNB can be exchanged between gNBs. Reference signal resource ID (e.g., NZP-CSI-RS resource ID, SSB index) can be used as beam information exchange between gNBs.
Agreement
For L1/L2 based UE-to-UE CLI measurement, SRS-RSRP and CLI-RSSI are to be further studied as baseline metrics.
Agreement
For the study of L1/L2 based UE-to-UE co-channel CLI measurement, measurement resource for CLI-RSSI measurement as defined in Rel-16 and SRS resource for SRS-RSRP measurement as defined in Rel-16 can be considered. Enhancement of measurement resource can be studied.  
Agreement
For L1/L2 based UE-to-UE co-channel CLI measurement and reporting mechanism, study the following measurement and report framework.
· Use existing CSI framework as the baseline.
· Others are not precluded.
Agreement
For spatial domain enhancement of gNB-to-gNB CLI handling, study the benefit and the procedure of the information exchange of at least the preferred/non-preferred DL beams of the aggressor gNBs, based on the beam information exchanged between gNBs.


In this contribution, we provide some more details on the candidate schemes for gNB-to-gNB CLI and UE-to-UE CLI handling. Some SLS evaluation results on the candidate solutions are provided in our companion paper [2].
Potential enhancements for CLI handling
1 
2 
gNB-to-gNB CLI handling schemes
During the discussion on gNB-to-gNB CLI handling, the information exchange among gNBs was raised several times. While some argued that information exchange would be necessary, it was pointed out that dynamic information exchange may not be practical in cases where non-ideal backhaul is assumed. This could include information such as intended scheduling time, frequency resources, beams, or pre-coding matrix, which may not be reliably exchanged in a timely manner. In cases where ideal backhaul is assumed, it may be possible to jointly determine the candidate UEs, time, frequency, and spatial resource scheduling based on information from several gNBs. However, this assumes that the baseband processing of the gNBs is co-located and the inter-gNB information exchange may be left to implementation. Therefore, during the study of gNB-to-gNB CLI handling, it is important to consider the latency of the information sharing between gNBs and whether the benefits of information exchange can justify the practical challenges of implementation.

Spatial domain enhancement 
In RAN1#110bis-e, RAN1#111 and RAN1#112, the spatial domain coordination for gNB-to-gNB co-channel CLI measurement were discussed and the following agreements were achieved.
	Agreement
For details of spatial domain coordination method for gNB-to-gNB co-channel CLI handling, at least followings can be studied. 
· Recommended/restricted Beams between gNBs
· Beam nulling between gNBs
· Beam pairing between gNBs
· Other schemes are not precluded. 
Agreement
For spatial domain coordination, the exchange of beam related information among gNB(s) (e.g., victim gNB(s) and aggressor gNB(s)) can be an enabler for inter-gNB co-channel CLI management.
· For example 1 (from aggressor gNB to victim gNB), DL beam indication from aggressor gNB(s)
· For example 2 (from victim gNB to aggressor gNB), preferred/restricted DL beam and associated resource configuration, beam based inter-gNB co-channel CLI measurement result from victim gNB
· FFS: how to define DL beam indication
· FFS: how to define DL beam
Note: The above examples are only provided as starting point for further discussions
Agreement
For spatial domain enhancement of gNB-to-gNB co-channel CLI handling, DL Tx beam information of the gNB can be exchanged between gNBs. Reference signal resource ID (e.g., NZP-CSI-RS resource ID, SSB index) can be used as beam information exchange between gNBs.
Agreement
For spatial domain enhancement of gNB-to-gNB CLI handling, study the benefit and the procedure of the information exchange of at least the preferred/non-preferred DL beams of the aggressor gNBs, based on the beam information exchanged between gNBs.



Beam nulling between gNBs
Beam nulling at the aggressor can be used to suppress the interference to the victim. The basic idea is to take the potential impact to the victim gNB(s) into account when determining the DL beamforming weight for its own downlink users, as illustrated in Figure 1. Beam nulling are mainly applicable in FR1 thanks to the large number of Tx chains with digital precoding. In Annex A, an example of beamforming nulling mechanism is provided. It can be observed that in order to perform beam nulling, the information of gNB-to-gNB instant channel is required at the transmitter.
Observation 1: gNB-to-gNB instant channel is needed for beam nulling to suppress the gNB-to-gNB co-channel cross link interference. 
In general, the downlink performance at the aggressor cell would be impacted by the beam nulling. And the amount of performance degradation depends on the spatial correlation between the downlink UE and the victim gNB. If the downlink UE and the victim gNB are close to each other or in the same direction from the aggressor gNB perspective, the downlink performance degradation could be large. And if they are in different directions from the aggressor gNB perspective, the performance degradation could be small. And it also depends on the number of antennas at the aggressor. A large number of antennas at the aggressor tend to result in small downlink performance degradation since there is larger freedom in spatial domain to suppress the CLI. In SBFD, blocking may happen in Macro deployment. Beam nulling is also useful for the SBFD to avoid blocking.
The performance of beam nulling depends on whether the aggressor gNB can obtain the accurate instant channel information. Thus, the channel measurement between aggressor gNB and victim gNB is critical. One possible solution is the victim gNB perform measurement on the measurement signals/channels from aggressor and feedback the channel information to the aggressor gNB. Another possible solution is aggressor gNB and victim gNB measure the signals/channels from each other. Assuming the channel reciprocity between aggressor gNB and victim gNB, the aggressor gNB may use the victim-to-aggressor channel information for beam nulling. Both of these two solutions can be studied. 
Proposal 1: For spatial domain enhancement of gNB-to-gNB co-channel CLI handling, study solutions for channel measurement among multiple gNBs to enable beam nulling.

Beam pairing between gNBs
For FR2, gNB-to-gNB CLI highly depends on the isolation between the analogue beams. The isolation between two beams can be high when the two beams are in different directions and the isolation can be very low when the two beams are pointing to each other. Therefore, the key issue in FR2 is to find the beam pairs which have low isolation, as illustrated in Figure 1. The CLI strength of each beam pair can be measured based on NZP CSI-RS, which is used by the UE for beam sweeping. Each CSI-RS port represents one beam.
Information exchange between the gNBs can be beneficial for beam coordination in some cases. For example, the CLI strength of beam pair that is over a given threshold can be exchanged. The restricted Tx beams for each receive beam can be used to avoid the low isolation beams being used for transmitting and receiving simultaneously. 
For gNBs with ideal backhaul, dynamic coordinated beam scheduling can be done, e.g. the gNBs can avoid using low isolation beams for transmission and receiving simultaneously. However, in case of non-ideal backhaul, dynamic beam selection for transmission and receiving is not possible. Semi-static beam coordination should be considered. 
The feasibility of semi-static and dynamic coordination should take overhead, information exchange latency into account. For semi-static coordination, the configuration of the gNB-to-gNB measurement resources and the CLI strength of each beam pair can be exchanged. The overhead of the measurement resources should be taken in to account for the performance analysis of semi-static coordination. For dynamic coordination, in addition to the information exchanged in semi-static coordination, more information is needed, i.e., PRBs needed for candidate scheduled UEs and preferred beams. The requirement for capacity and latency of the information exchange is extremely high. It is challenging especially for Macro deployment where high-capacity and low-latency backhaul is not always available. 
In addition to signaling overhead and latency, the actual benefit of beam pairing is highly dependent on gNB scheduler implementations, i.e. whether/how a gNB will change its scheduling decisions based on the information provided from another gNB, especially in case of multi-vendor scenarios. Overall, any information exchange if deemed necessary should leave sufficient room for gNB implementations and shall not assume any specific scheduler implementation.
Proposal 2: For spatial domain enhancement of gNB-to-gNB co-channel CLI handling, study solutions for beam pairing considering the following
· CLI strength of beam pair over a threshold.
· Preferred Tx beams for each receive beam at the victim cell. 
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility
[image: ]         [image: ]
(a) FR1 digital coordinated beamforming             (b) FR2 analogue beam coordination
[bookmark: _Ref118644493]Figure 1. Coordinated beamforming for FR1 and FR2.

Coordinated scheduling
In last meetings, coordinated scheduling was discussed, the following agreements was made.
	Agreement
Study the benefit of knowledge among gNBs of configurations such as
· SBFD time/frequency configuration



Coordinated scheduling aims for gNB-to-gNB CLI avoidance by allocating UL and DL transmissions in different time and frequency resources which otherwise would result in strong gNB-to-gNB CLI. Hence coordinated scheduling is more suitable for low load case and it is challenging for medium to high load case. In the low load case, the resources are not fully occupied so that there is room to schedule the UL and DL in orthogonal time/frequency resources so that strong gNB-to-gNB CLI can be avoided. However, it is challenging to coordinate the time/frequency resources when the most of the resources are occupied in medium and high load case. 
In terms of detailed coordination schemes, the potential enhancement can be done in DL at the aggressor gNB, in UL at the victim gNB and joint coordinated UL/DL scheduling among different gNBs. 
· DL resource blanking including time/frequency resource at aggressor gNB
DL resource blanking can be used for avoid strong interference from downlink data transmission to the uplink data reception. 
One example is to avoid interference from DL at aggressor to UL DMRS at the victim. As analyzed in our contribution [2] at the receiver of the victim gNB, the uplink receiving quality is heavily impacted by the quality of the uplink channel estimation, and the simulation results show that up to 9 dB uplink performance degradation can be observed, which will eliminate the uplink coverage or throughput gain of SBFD or flexible duplex completely. Hence it is better that the uplink DMRS is not interfered by the downlink cross link interference. Then downlink symbols corresponds to the uplink DMRS can be blanked to avoid strong gNB-gNB CLI to the uplink DMRS as illustrated in Figure 2. 
Aggressive cell can also use DL resource blanking to avoid strong CLI to periodic UL transmissions, i.e., SRS and PRACH.
· UL resource restriction including time/frequency resources among gNBs
Similar to the downlink resource blanking, uplink blank/muting resource can be used to avoid uplink reception performance degradation. 
One example is to mitigate the interference of CSI-RS from the aggressor gNBs. Considering that CSI-RS is sparse and spatial characteristics of CSI-RS are different from PDSCH of aggressive cell, victim cell can use UL muting resources to avoid CLI from CSI-RS, as illustrated in Figure 2. 
[image: C:\Users\l00586272\AppData\Roaming\eSpace_Desktop\UserData\l00586272\imagefiles\23CDFDE0-8FAE-4B4E-AD58-BDB6A552458F.png]
[bookmark: _Ref118644553]Figure 2. Downlink resource muting to avoid interference on uplink DMRS and uplink blank/muting resource to avoid strong downlink CSI-RS interference.
· Joint/coordinated uplink and downlink scheduling
To avoid the gNB-to-gNB CLI, joint UL/DL scheduling among different gNBs can also be considered. The user selection in different gNBs can be done jointly in dynamic or semi-static manner. The dynamic user selection means the gNBs will be coordinated closely to select the UEs to be scheduled in each slot. While the semi-static UE selection means the gNBs will put the UE with mutual strong cross link interference on different time-frequency resources semi-statically to avoid frequent inter-gNB information exchange. It is obvious that semi-static and dynamic coordinated scheduling requires different level of backhaul information exchange. 
Similar to coordinated beamforming, the actual benefit of coordinated scheduling is highly dependent on gNB scheduler implementations, i.e. whether/how a gNB will change its scheduling decisions based on the information provided by another gNB. This should be discussed 
Proposal 3: For details of coordinated scheduling for time/frequency resources between gNBs for gNB-to-gNB CLI handling, at least followings can be studied
· DL resource blanking including time/frequency resource at aggressor gNB to avoid strong interference to UL DMRS.
· UL resource restriction/blanking including time/frequency resources among gNBs to avoid UL performance degradation due to downlink CSI-RS etc.
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility
Moreover, the procedure of joint UL/DL scheduling among different gNBs can also be studied. The CLI among different gNBs may be complicated and a victim gNB may have lots of aggressor gNBs, so it is not realistic to assume there will always be ideal backhaul with all the aggressor gNBs for a victim gNB, thus to perform joint UL/DL scheduling among these gNBs, one possible way is to rely on a central node to coordinate the scheduling decisions among multiple gNBs. The central node may perform coarse grained resource pre-allocation for these gNBs firstly, then the schedulers at these gNBs perform finer resource allocation within the pre-allocated resource. And the OAM can be used as the central node.
Interference suppression by uplink receiver
As discussed in our contribution [4], the state-of-art gNB is usually equipped with a large number of antennas, e.g. Macro massive antenna base station or indoor hot spots with joint uplink processing. The most commonly used receiver at the base station is the IRC receiver. To suppress the cross-link interference, the spatial characteristics of the cross-link interference should be measured accurately as analyzed in [4]. And the spatial characteristics of the cross link interference is the spatial correlation matrix of the cross link interference. With the accurate spatial correlation measurement of the cross link interference, the performance degradation can be as small as ~1dB with more than 10dB INR. 
In addition to the link-level evaluations in [2], we also provide some system level evaluations for dynamic/flexible TDD using case 2-layer scenario B (Layer 1: Urban Macro; Layer 2: Indoor office) to study the UL performance with interference suppression at uplink receiver. The indoor gNBs are assumed to use the same UL dominant semi-static TDD UL/DL configuration, while the outdoor Macro cells use DL dominant TDD configuration.
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[bookmark: _Ref118644626]Figure 3. Example of joint reception of indoor gNBs.

In indoor deployment, the baseband processing units of small cells are usually co-located. The received signals by the small cells can be jointly processed. Furthermore, if the scale of the joint processing is limited, then the indoor cells can be divided into processing clusters. In the above example in Figure 3, the indoor small cells are divided into 2 clusters. The link interference suppression capability can be improved by joint processing of the uplink received signal. The system level evaluation results for the joint reception are given in our companion contribution [2]. 
The observation from the simulation results in our companion contribution [2] is that gNB-to-gNB CLI can be effectively suppressed if the interference covariance matrix can be accurately measured. Therefore, we suggest to study potential schemes to enable accurate interference estimation. More details are further discussed in section 2.2.1.2.

UE and gNB transmission and reception timing
In last meetings, UE and gNB transmission and reception timing was discussed and several solutions were proposed. In this contribution, details for UE and gNB transmission and reception timing are further discussed.
For some gNB-gNB CLI handling schemes such as coordinated scheduling, IRC receivers., the downlink and uplink timing should be aligned (at least within CP) to avoid inter-subcarrier interference and joint processing of downlink and uplink signals at the victim cell. Figure 4 illustrates the timing relation at the victim cells considering the NTA,offset introduced in the uplink transmission.

[image: ]          [image: ]
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(c)
[bookmark: _Ref118644741]Figure 4. The timing to align the gNB-to-gNB CLI and the uplink receiving signal.
It can be observed that there is a gap between the received downlink slot and the uplink slot. The gap is TAoffset + delay, where the delay is the propagation delay between the aggressor and the victim. In the current specification, TAoffset can be set to 0. If the delay is within the CP, then the subcarrier orthogonality between the downlink interference and the uplink signal can be guaranteed. There are two options to solve the problem with current specification. 
· Option 1: When there is a large delay in the case of Macro aggressor + small cell victim, then it is better that the overall timing of the small cell can be delayed/advanced with TA command to align with the downlink timing of the Macro cell, as shown in Figure 4(b)错误!未找到引用源。. 
· Option 2: TAoffset is set to 0 and the overall timing of victim cell is same with aggressive cell, as illustrated in Figure 4(c). Considering that strong gNB-to-gNB CLI comes from the surrounding gNBs, the delays of surrounding gNBs are within the CP with high probability. Thus, the problem of time alignment can be addressed in most cases. 
As a result, the UL reception and gNB-to-gNB CLI can be aligned within the CP and inter-subcarrier interference can be avoided based on current specification. The benefit of negative TA/ negative  is not clear when compared with option 1 and option 2. Besides, potential backward compatibility problems between legacy UEs and Rel-18 UEs should be considered if negative TA/ negative  is applied.
Observation 2: In current specification, the UL signal and downlink interference can be aligned (within CP) when proper TAoffset is configured and/or proper overall timing of victim cell is applied. The necessity of further enhancement of UE and gNB transmission and reception timing is not clear.

gNB-to-gNB CLI measurement and reporting
In RAN1#112, the DL channel(s)/signal(s)/measurement resource(s) for gNB-to-gNB co-channel CLI measurement were discussed and the following agreements were achieved. 
	Agreement
For the study of gNB-to-gNB co-channel interference measurement, it is assumed that both CD-SSB and NCD-SSB can be used for gNB-to-gNB CLI measurement.



In general, the type of signal(s)/channel(s)/resource(s) required for CLI measurement depend on the measurement metrics. In our view, the measurement can be categorized into instant channel, RSRP and statistic metrics as discussed in the previous sections, e.g. RSSI, CLI spatial characteristics. 
For instant channel and RSRP measurement, reference signal or known signals should be used for the measurement due to channel estimation based on the known signals to obtain the instant channel and the RSRP.
For RSSI and CLI spatial characteristics, only interference measurement resource is needed since the victim does not need to do sequence correlation. Only the interference signal itself can be used for the measurement.
Thus, before the detailed discussion, we summarize the gNB-to-gNB co-channel CLI measurements considering the following aspects:
· Motivation/usage of the CLI measurements
· Measurement signal(s)/channel(s)
· Measurement/reporting quantities
· Relevant information exchange at gNB
· Muting/blanking resources (i.e. whether UL and/or DL resource muting are needed)
Table 1: Summary of gNB-to-gNB CLI measurements
	[bookmark: _Hlk127381658]Motivation/usage
	Measurement signal(s)/channel(s) 

	Measurement/reporting quantities

	Relevant information exchange at gNB

	Muting/blanking resources 


	Interference measurement for interference suppression
	Interference signal itself, e.g., broadcast/unicast PDCCH, PDSCH
	Spatial characteristics of cross link interference 
	· the configuration of measurement signal(s)/channel(s) resources;
	Uplink resources muting/blanking

	Interference measurement for coordinated scheduling
	Reference signals/channel(s) ,e.g., NZP CSI-RS
	CLI strength, e.g., RSSI, RSRP
	· the configuration of measurement signal(s)/channel(s) resources;
· measurement results, e.g., RSSI, RSRP
	Uplink/Downlink resources muting/blanking

	Channel measurement for beam nulling
	Reference signals/channel(s), e.g., NZP CSI-RS
	Instant channel

	· the configuration of measurement signal(s)/channel(s) resources;
· measurement results, e.g., instant channel 

	Uplink/Downlink resources muting/blanking

	Beam measurement for coordinated beamforming
	Reference signals/channel(s), e.g., NZP CSI-RS
	CLI strength, e.g., RSSI, RSRP
	· the configuration of measurement signal(s)/channel(s) resources;
· measurement results, including: CLI strength, e.g., RSSI, RSRP or preferred Tx beam
	Uplink/Downlink resources muting/blanking



The general procedure and framework of gNB-to-gNB CLI measurements is shown in Figure 5. For information exchange between aggressor gNBs and victim gNBs, it can be through Xn interface directly, or through a central node. In our view, both of these two solutions can be considered.
[image: ]   

[bookmark: _Ref127552992]Figure 5. The general framework of gNB-to-gNB CLI measurement

gNB-to-gNB CLI measurement based on signal/sequence
· gNB-to-gNB CLI measurement for coordinated beamforming
As discussed in section 2.1.1.1, for beam nulling, the gNB-gNB instant channel is required at the transmitter for precoder calculation to suppress the interference from the aggressor gNB to the victim gNB. To measure the instant channel, reference signal/sequence is required.
The instant channel and RSRP measurement can be used for beam nulling and beam pairing for FR1 and FR2.
· For SSB, it is mainly used for initial access and movement management but not for channel measurement. Besides, the bandwidth of SSB is limited.
· For DMRS, it is mainly used for channel estimation to receive PDSCH/PDCCH. But the DMRS is transmitted with a precoder and the precoder will be varied over time. So it cannot be used to measure the channel between gNB and gNB. 
· For CSI-RS, it is mainly used for CSI measurement. It has a more flexible time-frequency domain resource configuration than SSB, and it can be transmitted with a fixed precoder or without precoder. So it is the best to do gNB-to-gNB channel measurement.
[bookmark: _Hlk118735981]Proposal 4: Consider the potential enhancement to NZP CSI-RS for gNB-to-gNB channel measurement in FR1 for coordinated beamforming.
For gNB-to-gNB channel measurement, the gNB needs to measure CSI-RS transmitted from multiple neighboring gNBs to reduce the measurement time resources. But CSI-RS can only support up to 32 orthogonal ports which cannot support to measure the channel from multiple gNBs where each has 64 antenna ports. So the potential expansion of CSI-RS port should be studied.
And for the study of CSI-RS port expansion, the following characteristics of gNB-to-gNB channel can be considered:
· UE mobility needs to be considered in the realistic deployment, but the gNB is fixed. So the gNB-to-gNB channel varies more slowly than the gNB-UE channel, i.e., the former has a larger coherent time than the latter.
· The LOS probability of gNB-to-gNB link is much higher than that of gNB-UE link. So the gNB-to-gNB channel has a larger coherent bandwidth than the gNB-UE channel.
These two characteristics can reduce the high overhead of CSI-RS caused by CSI-RS port expansion.
Proposal 5: Study CSI-RS port expansion to support gNB-to-gNB channel measurement for SBFD and DTDD with considering following gNB-to-gNB channel characteristics to reduce the high overhead of CSI-RS caused by CSI-RS port expansion:
· gNB-to-gNB channel has a larger coherent time than gNB-UE channel.
· gNB-to-gNB channel has a larger coherent bandwidth than gNB-UE channel.
Besides, the gNB-to-gNB channel measurement resources for different gNBs need to be coordinated. And the scheme of Rel-16 RIM can be referred, i.e., the OAM can be used to manage, coordinate, and configure the measurement resources for each gNB.
Proposal 6: Study gNB-to-gNB channel measurement resource management, coordination, and configuration by OAM.

· gNB-to-gNB CLI measurement for beam pairing
The CLI measurement for beam pairing is similar to the measurement for beam nulling except the measurement metric, i.e. RSRP is more appropriate for beam pairing. However, the sequence correlation is still needed to differentiate the beams. The beam pairing needs the beam sweeping between gNBs, and the procedure of the beam sweeping may need further studied.
In our view, the procedure of beam sweeping between gNBs is similar to the beam sweeping procedure between gNB and UE. When an aggressor gNB performs Tx beam sweeping, a victim gNB can measure the Tx beams using a certain Rx beam, then the victim gNB can determine one or more strongest or weakest Tx beams. And then the aggressor gNB can repeat certain Tx beam to facilitate the victim gNB perform Rx beam sweeping, so the victim gNB can determine one or more strongest or weakest Rx beams. The victim gNB can exchange the measurement information with aggressor gNB through Xn interface directly or through a central Node. Considering the number of the Tx beams and Rx beams are large, so how to reduce the overhead of measurement resources and improve measurement efficiency can be studied.
Proposal 7: Beam sweeping among multiple gNBs can be studied for beam pairing.

Uplink blank/muting resources
Uplink blank/muting resources are defined as REs/RBs which are blanked/muted for the UE in the uplink, i.e. no UL transmissions can be conducted on these REs/RBs. The usage of the uplink blank/muting resources can be in two aspects. 
· One is what has been discussed in the above agreements for gNB-gNB CLI measurements, i.e. CLI characteristics measurement. 
· The other is that it can be used for strong gNB-gNB cross link interference avoidance [4] which can be categorized into coordinated scheduling part.
· Uplink blank/muting resources for cross link interference measurement
In flexible duplex the downlink co-channel cross link interference spatial characteristics depends on the downlink precoding, for example, the PDCCH and the PDSCH usually have different precoding and result in different interference characteristics. 
Observation 3: PDCCH and PDSCH from the aggressor gNBs usually result in different cross link interference characteristics at the victim gNB.
To suppress the cross link interference caused by different signal/channels, muting resources can be used to measure the spatial characteristics of the different signal/channels. One example is given in the following.
The uplink blank/muting REs can be in different uplink symbols corresponding to the different cross link interference signal/channels. One example is provided in Figure 错误!未找到引用源。 and how to utilize the uplink blank/muting resource to handle the cross-link interference is further explained below.
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[bookmark: _Ref118644808]Figure 6. Illustration of the uplink blank/muting resource
In Figure , symbol 1 and 8 are configured with blanking resource. In each RB, some of the REs are blanked. And then only gNB-to-gNB CLI will be present in these blank/muting REs. The victim gNB can utilize these uplink blank/muting REs to conduct the CLI measurement. 
Considering that there are various DL signals from the aggressor gNB, and the spatial characteristics of the various DL signals are different, different uplink blank/muting resources are required for the measurements of different gNB-to-gNB CLI or CLI avoidance. The details of the uplink blank/muting resources configurations for different DL signals are as follows.
· Downlink broadcast interference with larger number of time-frequency resource, e.g. SSB
These signals are usually periodic such as SSB, SIB1, CORESET 0, etc. The downlink precoding for these signals are relatively stable since they are designed for cell coverage. The spatial characteristics (e.g. AoA, ZoA of the multi-path) of these interferences at the victim gNB are also relatively stable, e.g. several frames. The spatial characteristics of the interference signals can be measured at the victim gNB and used for advance receiver to suppress the interference. The measurement can be done once every several frames. 
· Unicast PDSCH and PDCCH signals
The unicast PDSCH signal is the most complicated signal in the downlink to cause gNB-gNB CLI. The complication is that in each slot, different UEs at the aggressor cell will be scheduled for downlink MU-MIMO transmission which leads to different downlink precoding of the unicast PDSCHs. Different precoding result in different interference characteristics. The gNB-to-gNB CLI from unicast PDCCH has similar characteristics with the unicast PDSCH. To suppress the cross-link interference from unicast PDSCH and PDCCH, the victim gNB should be able to measure the spatial characteristics of the PDSCH and PDCCH signals at the victim gNB in each slot. 
· Uplink blank/muting resources for cross link interference avoidance
The uplink blank/muting resources can also be used for cross link interference avoidance, e.g. to avoid the downlink CSI-RS interference. 
CSI-RS is one of these downlink signals. This kind of signals are sparse, and these signals have different downlink precoding weights from the unicast PDSCH and most likely also the other broadcast signals. It is difficult for the victim gNBs to measure the spatial characteristics of these signals, thus it is difficult to be suppressed by the victim gNB. One way is that the UE does not transmit on these REs, so that the PUSCH of the UE will not be affected by these downlink interference signals. 
Based on the above discussion, the usage of uplink blank/muting resources is summarized in Table 2. The patterns of muting REs for SSB, SIB1, broadcast PDCCH, unicast PDSCH, unicast PDCCH and NZP CSI-RS can be different, which is illustrated in Figure .
Table 2: UL muting resources for different downlink signals
	Interference types
	Interference measurement and application

	Downlink broadcast interference:
One time measurement, multiple application
	· Beamforming of the broadcast channel are stable
· UE muting at part of the REs with broadcast signal
· Spatial characteristics of the CLI
· SSB, SIB1, broadcast PDCCH

	Unicast PDSCH /PDCCH:
One time measurement, one time application
	· UE muting at part of REs of downlink PDSCH
· UE muting at part of REs of downlink PDCCH
· Spatial characteristics of the CLI
· The measurement applied in the equalization

	UE dedicated CSI-RS:
Rate matched to avoid interference 
	· UE muting on the distributed downlink reference signals e.g. CSI-RS, TRS etc.
· Strong CLI is avoided



Observation 4: Different uplink blank/muting resources can be used to measure spatial characteristics of gNB-to-gNB CLI caused by various DL signals and to avoid cross link interference.
Observation 5: Uplink resources muting pattern can be different for various DL channel(s)/signal(s).
Proposal 8: For gNB-to-gNB co-channel CLI measurement for gNB-to-gNB CLI handling support the following
· Muting REs in UL slot at the position of part of REs of the SSB, SIB1, and broadcast PDCCH from aggressive cell are supported to measure the spatial characteristics of downlink broadcast interference. 
· Muting REs in UL slot at the position of part of REs of unicast PDSCH and PDCCH from aggressive cell are supported to obtain the spatial characteristics of unicast PDSCH and PDCCH CLI. 
· Muting REs in UL slot at the position of REs of NZP CSI-RS from aggressive cell are supported to avoid strong CLI.
· Transparent vs. non-transparent uplink muting resources
In the above analysis, the muting REs/RBs are within the scheduled bandwidth of the PUSCH, hence the UE should know about the muting resources to not transmit on the resources. In the discussion, transparent muting resources are proposed, however, transparent method cannot fulfill the purpose, e.g. to rate matching around the muting resources. Hence non-transparent uplink muting resources should be supported for the purpose discussed above. 
For transparent uplink muting resource, the only way is to not schedule the resource, i.e. the whole symbol will not be allocated to the UE. However, for coverage enhancement, the most important resource is the time resource, higher time domain overhead means less coverage gain. From the above discussion, we could see that the muting resources can be with different time-frequency patterns, by transparent method, any muting resources will lead to a complete symbol muting. And this muting may also lead to the unscheduled symbols before this muting symbol because, UE cannot mute a specific symbol in the middle of the PUSCH. For example, to avoid the CSI-RS strong cross link interference, the UE needs to mute the symbol corresponding to the interference and symbols before or after the interference symbol by transparent muting resources, this will heavily degrade the uplink performance because, all the symbols before the interference are not available for PUSCH transmission.
Proposal 9: UE non-transparent uplink muting resources is supported for cross link interference measurement and avoidance.

UE-to-UE CLI handling schemes
UE-to-UE CLI measurement and reporting
In RAN1#110bis-e and RAN1#111, the channel(s)/signal(s)/measurement resource(s) for UE-to-UE co-channel CLI measurement were discussed and the following agreements were achieved. In this contribution, the potential enhancements for gNB-to-gNB co-channel CLI measurement and details for L1/L2 based UE-to-UE CLI measurement and reporting are further discussed.
	Agreement
For L1/L2 based UE-to-UE CLI measurement, SRS-RSRP and CLI-RSSI are to be further studied as baseline metrics.
Agreement
For the study of L1/L2 based UE-to-UE co-channel CLI measurement, measurement resource for CLI-RSSI measurement as defined in Rel-16 and SRS resource for SRS-RSRP measurement as defined in Rel-16 can be considered. Enhancement of measurement resource can be studied.  
Agreement
For L1/L2 based UE-to-UE co-channel CLI measurement and reporting mechanism, study the following measurement and report framework.
· Use existing CSI framework as the baseline.
· Others are not precluded.



In Rel-16, SRS is used for the UE-UE CLI measurement, and each UE can be configured up to 32 CLI-RSRP and 64 CLI-RSSI measurement resources. The amount of the interference measurement and reporting resources could be sufficient. And what could be enhanced for UE-UE interference measurement is the subband based measurement and reporting. 
Currently, one RSSI or RSRP is reporting for each measurement resource without subband concept. In SBFD operation, the interference maybe different on different subband due to none uniform leakage in frequency domain by the aggressor UE. For L1/L2 UE-UE interference measurement and reporting, it may reduce the delay of the measurement and reporting, and may have benefit of the reducing the overhead for UE-UE CLI measurement and reporting. However it is not clear what is the beneficial scenario. 
Proposal 10: The beneficial scenario of the L1/L2 based UE-UE interference measurement and reporting should be studied before discussing the detailed mechanisms.
Apart from the above, there are also some further details for L1/L2 based UE-to-UE CLI measurements.
The first one is the relationship between CLI measurement reporting and current CSI measurement reporting. In the last meeting, existing CSI framework was agreed to be used as the baseline. Further, how the CLI related information can be reported in a CSI report is the next issue to be further studied. Legacy CSI consist of L1-RSRP, L1-SINR, CQI, PMI, RI, etc. One or more metric(s) can be reported simultaneously in a report by configuring the reportting quantities in the CSI report configuration. So the CLI related information can be either reported in a CSI report independently from the legacy CSI information, or reported with some of the legacy CSI information together, such as RSRP, SINR or CQI. In our view, both of the methods can be studied.
The second one is the priority of CLI reports relative to current CSI reports. In current CSI reporting framework, CSI reports are associated with a priority value which is calculated by the reporting type, carried information type, serving cell index, reporting configuration ID with pre-defined rules. Some (parts) of the CSI reports will be omitted or dropped according to the priority order if the PUCCH or PUSCH which carries the CSI is not able to contain all the CSI reports overlap in time. If the CLI reporting reuses CSI reporting framework, then when PUCCH or PUSCH can’t contain all the CLI reports and CSI reports overlap in time, then how to define the priority of CLI reports and current CSI reports, it will determine which kinds of measurement information can be transmitted with higher priority.
The third one is how to trigger CLI reports especially for semi-persistent or aperiodic reports. The current semi-persistent or aperiodic CSI reports are triggered by DCI or MAC CE depending on the reporting type. So for CLI reports, how to trigger or activate is an issue, for example reusing legacy triggering mechanism or introducing new mechanism. It is also related to the first issue.
In addition, for a victim UE, the CLI may come from lots of aggressor UEs. So the UE may need to perform lots of CLI measurements and reports. The overhead of measurement resources and reporting resources maybe huge, so how to reduce the CLI measurements/reports and improve the measurement efficiency should be studied.
Based on the above discussion, we have the following observation:
Proposal 11: For L1/L2 based UE-to-UE CLI measurement reporting, the following aspects can be studied:
· whether/how to multiplex CLI and legacy CSI metric(s) in a CSI report;
· the priority of CLI reports relative to current CSI reports;
· the trigger mechanism of semi-persistent, aperiodic CLI reports;
· how to reduce the CLI measurements/reports and improve the measurement efficiency;

Spatial domain enhancement
In RAN1#110bis-e, the final moderator proposal for spatial domain enhancement is as follows. In this contribution, details for spatial domain enhancement are further discussed.
	Moderator Proposal #2-7
For details of spatial domain coordination method for UE-to-UE co-channel CLI, followings can be studied. 
· Tx-Rx beam coordination/avoidance between UEs



In FR1, similar to the spatial domain enhancement for gNB-to-gNB CLI handling, coordinated beamforming at the aggressor transmitter can also be used to suppress the interference to the victim. The basic idea is that the aggressor UE takes the potential impact to the victim UEs into account when calculating the uplink precoding. However, considering that number of transmitting antennas of UE is small, the performance gain of coordinated beamforming is limited and the UL performance would be affected. Thus, coordinated beamforming may be not suitable for UE-to-UE CLI handling in FR1.
In FR2, with the beam training between the aggressor and the victim UE, the CLI strength of each beam pair can be obtained. The information exchange between the gNBs, such as the CLI strength of beam pair that is over threshold A/below threshold B and the preferred Tx beams for each receive beam can be used to avoid the low isolation beams being used for aggressor UE and victim UE. Besides, during the coordination, the preferred Tx beams of candidate scheduled aggressive UE and preferred Rx beams of the candidate victim scheduled UE should also be exchanged among gNBs for Tx beam/Rx beam pairing. Considering the beam coordination, the Tx beam of aggressor UE in the slot with CLI might be different from the slot without CLI. As another aspect, the Tx beam/Rx beam indication is flexible in the current standard. For example, the field SRS resource indicator (SRI) in DCI 0-1 can dynamically indicates the Tx beam of UE, and the transmission configuration indicator (TCI) in DCI 1-1 can dynamically indicates the Rx beam of UE. The remaining issue is how to select the Tx beam/Rx beam according to the performance.
Proposal 12: For spatial domain enhancement of UE-to-UE co-channel CLI handling, study solutions for beam pairing in FR2 considering the following
· CLI strength of beam pair (RSRP, RSSI) that is over threshold A/below threshold B
· Preferred/restricted beams between UEs
· Preferred Tx beams of candidate scheduled aggressive UE and preferred Rx beams of the candidate scheduled victim UE
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility
Coordinated scheduling
In RAN1#110bis-e, the final moderator proposal for coordinated scheduling is as follows. In this contribution, details for coordinated scheduling are further discussed.
	Moderator Proposal #2-6-3
For details of coordinated scheduling for time/frequency resources between gNBs (if needed) for UE-to-UE co-channel CLI handling, at least DL/UL resource blanking/reservation/muting including time/frequency resource can be studied. 
· Other schemes are not precluded.



Similar to the coordinated scheduling for gNB-to-gNB CLI handling, different UEs can be scheduled in different frequency, time resources to avoid UE-to-UE CLI. As mentioned in section 2.1.3, traffic load should be considered when coordinating the time/frequency resources. And it is also similar that dynamic coordinated scheduling and semi-static coordinated scheduling was considered previously. For semi-static coordinated scheduling, UE-to-UE CLI measurement and reporting is needed and the time-frequency partitioning between the UEs (with strong mutual CLI) should be known to the gNBs. The victim UE and aggressor UE with strong CLI can be scheduled in the slot without CLI. While for the dynamic coordinated scheduling, the scheduling grant should be also known to the gNBs (candidate scheduled UE, the number of PRBs needed for the candidate scheduled UE in FR1 and the preferred beams of the candidate scheduled UE in FR2), which requires quite some information exchange over the backhaul between the gNBs, or the gNBs are co-located and scheduling can be done jointly (e.g. the gNBs are provided by the same vendor). As another aspect, for the coordinated scheduling, it seems that the large scale fading between the UEs are sufficient, because the CLI are more dependent on the distance between the UEs. L3 based UE-to-UE CLI measurement and reporting may be sufficient for such coordinated scheduling purpose. 
Besides avoiding UL to DL strong interference by only scheduling grants, some of the downlink resources can blanked to avoid the strong uplink signal. For example the some of the downlink resource blocks can be blanked, where the uplink can be transmitted by a nearby UE. And the blanked resource can correspond to uplink PUCCH or PUSCH or SRS etc.
Observation 6: L3 based UE-to-UE CLI measurement and reporting in current specification may be sufficient for coordinated scheduling. Information exchange between gNBs are needed for the semi-static and dynamic coordinated scheduling. 
Proposal 13: For details of coordinated scheduling for time/frequency resources between gNBs (if needed) for UE-to-UE co-channel CLI handling, at least DL/UL resource blanking/reservation/muting including time/frequency resource can be studied. Besides, followings can also be studied.
· Potential impact of traffic load.
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility
UE and gNB transmission and reception timing
In RAN1#110bis-e, the final moderator proposals for UE and gNB transmission and reception timing are as follows. In this contribution, details for UE and gNB transmission and reception timing are further discussed.
	Moderator Suggestion #2-2
· Study the feasibility and potential benefits of ‘UE and gNB transmission and reception timing’ for UE-to-UE co-channel CLI handling which can be specific for dynamic/flexible TDD and/or common for both SBFD and dynamic/flexible TDD, at least includes:
· Details of timing alignment
· Relevant information exchange
Moderator Proposal #2-9-1
Study whether/how to enhance SRS-RSRP measurement accuracy considering on reception timing of SRS from aggressor UE for SRS-RSRP measurement
· Note: if study of L1/L2 based CLI measurement is agreed, above is modified as following.
For UE-to-UE co-channel CLI handling, study whether/how to enhance CLI measurement accuracy considering reception timing at victim UE for CLI measurements



In Rel-16, the UE-to-UE CLI measurement signal TX-RX timing was discussed and an offset is introduced for the receiver while there is no change for the transmitter compared with Rel-15 SRS or PUSCH TX timing. The offset is at least TAoffset according to TS38.133. 
[image: ]
Figure 7. The timing of UE-to-UE CLI measurement.
In the indoor deployment scenario, the current timing may not be with problems due to the cell radius is small, most of the delay or delay difference are within the cyclic prefix. For a larger cell deployment, there may be some misalignment between the measurement window and the received interference signal. However, the measurement is to measure the RSRP or the RSSI, then the problem may not be critical, because, even with small timing misalignment of the measurement window and the received interference signal, most of the energy will fall into the measurement window. Besides, the RSRP or RSSI measurement are reflecting the large scale fading, the accuracy may not have to be very high. 
Besides, considering that DL victim UE receives CLI-RS from multiple aggressor UEs in the same time-frequency resources, it is quite difficult for the victim UE to adjusting the Rx timing such that the DL signal is align with multiple aggressor UE. The benefits of enhancement on reception timing of SRS from one aggressor UE for SRS-RSRP measurement are not clear. Similarly, considering that multiple victim UEs receive CLI-RS from one aggressor UE, it is quite difficult for the aggressor UE to adjust the Tx timing to enabled that Rx timing of multiple victim UEs are all aligned with the victim UE’s DL signal.
Observation 7: The current timing scheme for UE-to-UE CLI measurement may be sufficient.
Observation 8: The benefits of enhancement on reception timing of SRS from one aggressor UE for SRS-RSRP measurement are not clear.

Power control based solution
In RAN1#111, the final moderator proposal for power control based solution is as follows. In this contribution, details for power control based solution are further discussed.
	Agreement
For UE-to-UE co-channel CLI handling, study whether/how to enhance UL power control mechanism.
· Existing UL power control mechanism is baseline



Similar to the power control-based solution for gNB-to-gNB CLI handling, it is possible to reduce UE uplink transmission power to avoid strong CLI to its neighbor UE performing downlink reception. However, the reduced uplink transmission power may cause uplink performance degradation of the uplink UE due to gNB-to-gNB CLI. Furthermore, the current specification supports a very flexible power control mechanism. The further potential enhancement for power control-based solution needs to be justified in the study. 

Conclusion 
In this contribution, we provide our views on the potential enhancements on dynamic/flexible TDD with following observations and proposals:
Observation 1: gNB-to-gNB instant channel is needed for beam nulling to suppress the gNB-to-gNB co-channel cross link interference. 
Observation 2: In current specification, the UL signal and downlink interference can be aligned (within CP) when proper TAoffset is configured and/or proper overall timing of victim cell is applied. The necessity of further enhancement of UE and gNB transmission and reception timing is not clear.
Observation 3: PDCCH and PDSCH from the aggressor gNBs usually result in different cross link interference characteristics at the victim gNB.
Observation 4: Different uplink blank/muting resources can be used to measure spatial characteristics of gNB-to-gNB CLI caused by various DL signals and to avoid cross link interference.
Observation 5: Uplink resources muting pattern can be different for various DL channel(s)/signal(s).
Observation 6: L3 based UE-to-UE CLI measurement and reporting in current specification may be sufficient for coordinated scheduling. Information exchange between gNBs are needed for the semi-static and dynamic coordinated scheduling. 
Observation 7: The current timing scheme for UE-to-UE CLI measurement may be sufficient.
Observation 8: The benefits of enhancement on reception timing of SRS from one aggressor UE for SRS-RSRP measurement are not clear.
Proposal 1: For spatial domain enhancement of gNB-to-gNB co-channel CLI handling, study solutions for channel measurement among multiple gNBs to enable beam nulling.
Proposal 2: For spatial domain enhancement of gNB-to-gNB co-channel CLI handling, study solutions for beam pairing considering the following
· CLI strength of beam pair over a threshold.
· Preferred Tx beams for each receive beam at the victim cell. 
· Necessity of information exchange considering signaling overhead, latency and implementation
Proposal 3: For details of coordinated scheduling for time/frequency resources between gNBs for gNB-to-gNB CLI handling, at least followings can be studied
· DL resource blanking including time/frequency resource at aggressor gNB to avoid strong interference to UL DMRS.
· UL resource restriction/blanking including time/frequency resources among gNBs to avoid UL performance degradation due to downlink CSI-RS etc.
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility
Proposal 4: Consider the potential enhancement to NZP CSI-RS for gNB-to-gNB channel measurement in FR1 for coordinated beamforming.
Proposal 5: Study CSI-RS port expansion to support gNB-to-gNB channel measurement for SBFD and DTDD with considering following gNB-to-gNB channel characteristics to reduce the high overhead of CSI-RS caused by CSI-RS port expansion:
· gNB-to-gNB channel has a larger coherent time than gNB-UE channel.
· gNB-to-gNB channel has a larger coherent bandwidth than gNB-UE channel.
Proposal 6: Study gNB-to-gNB channel measurement resource management, coordination, and configuration by OAM.
Proposal 7: Beam sweeping among multiple gNBs can be studied for beam pairing.
Proposal 8: For gNB-to-gNB co-channel CLI measurement for gNB-to-gNB CLI handling support the following
· Muting REs in UL slot at the position of part of REs of the SSB, SIB1, and broadcast PDCCH from aggressive cell are supported to measure the spatial characteristics of downlink broadcast interference. 
· Muting REs in UL slot at the position of part of REs of unicast PDSCH and PDCCH from aggressive cell are supported to obtain the spatial characteristics of unicast PDSCH and PDCCH CLI. 
· Muting REs in UL slot at the position of REs of NZP CSI-RS from aggressive cell are supported to avoid strong CLI.
Proposal 9: UE non-transparent uplink muting resources is supported for cross link interference measurement and avoidance.
Proposal 10: The beneficial scenario of the L1/L2 based UE-UE interference measurement and reporting should be studied before discussing the detailed mechanisms.
[bookmark: _GoBack]Proposal 11: For L1/L2 based UE-to-UE CLI measurement reporting, the following aspects can be studied:
· the relationship between CLI measurement reporting and current CSI measurement reporting;
· the priority of CLI reports relative to current CSI reports;
· the trigger mechanism of semi-persistent, aperiodic CLI reports;
· how to reduce the CLI measurements/reports and improve the measurement efficiency;
Proposal 12: For spatial domain enhancement of UE-to-UE co-channel CLI handling, study solutions for beam pairing in FR2 considering the following
· CLI strength of beam pair (RSRP, RSSI) that is over threshold A/below threshold B
· Preferred/restricted beams between UEs
· Preferred Tx beams of candidate scheduled aggressive UE and preferred Rx beams of the candidate scheduled victim UE
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility
Proposal 13: For details of coordinated scheduling for time/frequency resources between gNBs (if needed) for UE-to-UE co-channel CLI handling, at least DL/UL resource blanking/reservation/muting including time/frequency resource can be studied. Besides, followings can also be studied.
· Potential impact of traffic load.
· Necessity of information exchange considering signaling overhead, latency and implementation flexibility

Annex A: Example of beam nulling 

	Step 1：Singular Value Decomposition (SVD) for the channel to the downlink target UE  in the aggressor cell and the channel to the victim cell .
	,
,
,
.


where
·  and  are unitary matrix from the SVD of , which means that , and  is identity matrix,  is diagonal matrix from the SVD of ,
·  and  are unitary matrix from the SVD of ,  is diagonal matrix from the SVD of .
Assuming that  strongest singular values in the SVD of  will be considered in the Tx beamforming of aggressive cell,  and  are the corresponding  vectors in , and , respectively.

Step 2: Obtain the updated V matrix with  included.
,
where
·  is the  matrix for DL target users in the cell,
·  is the  matrix for the victim cell.

Step 3: Obtain the updated precoding matrix with updated V matrix.

where
·  is the precoding vector for the DL target users,
·  is the precoding vector for the victim cell. 
It is known that the singular values in the SVD of  is the square root of the eigenvalues. When  strongest singular values is considered in the Tx beamforming of aggressive cell, the strength of the gNB-to-gNB CLI can be reduced by about , where  is the  eigenvalues of matrix , and there are  eigenvalues in total. Thus, with the above coordinated beamforming procedure, the CLI can be suppressed at the transmitter.
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